Purine nucleoside phosphorylase of Brevibacterium acetylicum ATCC954, which catalyzes the production of ribavirin (l-/?-D-ribofuranosyl-l,2,4-triazole-3-carboxamide), a potent antiviral agent, from purine nucleoside and l,2,4-triazole-3-carboxamide in a high yield, was purified 49-fold. This enzymehad a molecular weight of 31,000 and was a monomer. The isoelectric point of the enzyme was 4.7. The optimal temperature and pH of inosine phosphorolyzing reaction catalyzed by the enzyme was around 8.5 and 70°C, respectively. The Michaelis constants for inosine, guanosine, and ribavirin were 1.43mM, 2.44mM and 2.08mM, respectively, at 40°C. This enzyme appeared to be a SH enzyme because it was inactivated by SH reagents, /7-chloromercuribenzoate and TV-ethylmaleimide, and HgCl2. In addition, this enzyme was completely inactivated by AgNO3 and was slightly inhibited by CuSO4. It showed nucleoside-phosphorolyzing activity toward inosine, 2'-deoxyinosine, 2',3'-dideoxyinosine, guanosine, 2'-deoxyguanosine, and xanthosine. However, adenosine and its derivatives could not be phosphorolyzed. This enzyme could not also phosphorolyze various 5'-mononucleotides. According to the amino terminal sequence analysis, the twenty residues from the amino terminal end of this enzyme were identified as follows: MTVNWNETRS-FLECKMQAKPE.
Purine nucleoside phosphorylase (EC 2.4.2. 1 ; PNPase) has been widely detected in eukaryotes1~7) and prokaryotes,8~21) and was purified to the crystalline form.22) PNPase catalyzes the reversible reaction for the phosphorolysis of ribonucleoside, 2'-deoxyribonucleoside and their derivatives as follows:
purine nucleoside + phosphatep urine base + pentose-l-phosphate
Moreover, this enzyme can also catalyze the transglycosylation reaction of purine nucleosides when another purine base exists in the reaction mixture as follows:
purine(A) nucleoside + purine(B) base^± purine(B) nucleoside + purine(A) base ribose-1-phosphate (R-l-P) from the reaction mixture was indispensable to prevent the reverse reaction from hypoxanthine and R-l-P to inosine.
On the other hand, we reported in our previous paper that Brevibacterium acetylicum ATCC 954 could produce ribavirin directly from not only guanosine but inosine, and TCA in a high yield without the elimination of R-l-P.27) This reaction seemed to be catalyzed by the PNPase in B. acetylicum ATCC954.
In this study, we purified the PNPase from B. acetylicum ATCC954 and characterized the enzyme in detail.
Materials and Methods
Chemicals. All chemicals used were commercially available and of analytical grade.
Microorganism and culture conditions. Brevibacterium acetylicum ATCC954 was used as the enzyme source. The cultivation medium consisted of 10g of meat extract (Wako Chemical Industries, Ltd., Osaka, Japan), 10g of peptone (Daigo, Osaka, Japan), 5g of yeast extract (Oriental Yeast, Tokyo Japan), and 5 g ofNaCl in a total volume of 1 1 and was adjusted to pH 7.0 with 6n KOH. Cultivation was done as follows: a loopful of cells of B. acetylicum ATCC954 subcultured on a bouillon agar slant was inoculated into 5ml of the medium in a test tube.
After aerobic cultivation at 30°C for 24hr, 1ml of the culture broth was transferred to 50ml of mediumin a 500-ml flask, followed by aerobic cultivation at 30°C for 16hr. The cells were then harvested by centrifugation (10,000xg) at 4°C for 20min and rinsed with 0.05m potassium phosphate buffer (pH 7.0).
Enzymeassay. The standard reaction mixture contains 20 /miol inosine, 50 fimol potassium phosphate buffer (pH 7.5) and an appropriate amount of the enzymein a total volume of 1 ml. This mixture was incubated at 40°C for 1 min. After the reaction, 100/^l of the reaction mixture was transferred to 900{A of 0.1 N HC1to stop the reaction. The hypoxanthine formed was measured by highperformance liquid chromatography (HPLC). Oneunit ofPNPaseactivity was defined as the amount of enzyme that produced 1 /miol of hypoxanthine per min under these assay conditions.
The specific activity was expressed as units/mg protein.
Purification of the PNPase from B. acetylicum ATCC 954. All purification procedures were done at room temperature except for cell disruption at between 5°C and 15°C and dialysis (4°C). Throughout purification steps 1 to 6, 50mM potassium phosphate buffer (pH 7.5), containing 1 mMdithiothreitol was used and is referred to as "the buffer," unless otherwise specified. All chromatographies were done with LKB HPLC (Pharmacia LKB Biotechnology).
Step 1. Preparation of cell-free extract. Rinsed cells were suspended in 300 ml of the buffer and then disrupted with an ultrasonic oscillator (12Hz) for 15min at between 5°C and 15°C. The cell debris was removedby centrifugation at 10,000xg for 20min and 290ml of the supernatant obtained was used for further purification.
Step 2. Heat treatment. The supernatant was kept at 60°C for 2hr with gentle agitation.
After centrifugation (10,000xg, 4°C, 20min) , 225ml of supernatant was obtained.
Step 3. DEAE-Toyopearl PAK650S chromatography.
The supernatant was put onto a column of DEAEToyopearl PAK 650S ((/> 2.2 x 20cm) (Tosoh Co., Tokyo), equilibrated with the buffer before using. After the column was washed with 200ml of the buffer, the enzyme was eluted with a linear gradient ofNaCl from 0 to 0.2m (0.1 m increase/hr) at a flow rate of 3ml/min. Each fraction (6.5ml) was collected and the active fractions (130ml) were obtained. Ammonium sulfate was added to the solution to 40% saturation with stirring.
After centrifugation (10,000xg, 20min, 4°C) , the supernatant was obtained.
Step 4. Butyl-Toyopearl PAK 650S chromatography. The supernatant was placed on a column (</> 2.2 x 20cm) of Butyl-Toyopearl PAK650S (Tosoh Co.), equilibrated with the buffer containing 40% saturated ammonium sulfate before using. After the column was washed with 200 ml of the buffer containing 40% saturated ammonium sulfate, the enzyme was eluted with a linear gradient of ammonium sulfate from 40% to 0% (40% decrease/hr) at a flow rate of 2ml/min. Each fraction (6.5ml) was collected, and the active fractions (10.4ml) were obtained. Then the active fractions were dialyzed overnight against the buffer.
Step 5. TSK gel G3000SWfiltration, 1st. The dialyzate was concentrated to less than 1 ml using OMEGACELL Units for 10K of molecular weight limit (Filtron Technology Co., U.S.A.). The concentrated solution was put onto a column ofTSK gel G3000SW((j) 0.75 x 60cm) (Tosoh Co.), equilibrated with the buffer containing 0.2 m NaCl. The enzyme was eluted with the buffer containing 0.2m NaCl at a flow rate of 0.2ml/min. Each fraction (1.0ml) was collected, and the active fractions (13.6ml) were obtained. Then the solution was concentrated to less than 1 ml using OMEGACELLUnits.
Step 6. TSK gel G3000SW filtration, 2nd. The concentrated solution was put onto a column of TSK gel G3000SWby the same method described in step 5. Finally, 13.2ml of the enzyme solution including 5.8mg protein wasobtained.
Analysis. Bases and nucleosides were measured by HPLC at room temperature as follows:
column, CAPCELL PAK C18 (<j> 4x250mm: Shiseido, Tokyo, Japan); solvent, 0.1 m sodium perchlorate with 0.1% (v/v) Protein in the gel was stained by the silver stain method using a kit (Wako Chemical Industries Ltd.). The molecular weight of the enzyme and its subunit were calculated from the mobilities of standard proteins (LMW kit E; Pharmacia LKB Biotechnology).
Kinetic properties. The Michaelis constants for various substrates were measured under the following conditions: the reaction mixture containing 0.ll /ig of the purified enzyme, 50 /miol potassium phosphate buffer (pH 7.5), and various amounts ofnucleosides in a total volume of 1 ml, was incubated at 40°C. The reaction was stopped by adding 4ml of0.1 n HC1 to the reaction mixture. The amount of nucleoside base formed in the reaction mixture was measured by HPLC. Table I ). The enzyme catalyzed the phosphorolysis ofinosine to hypoxanthine and R-l-P at 195.1jumolmin"1 (mg protein)"1 under the standard assay conditions.
Molecular weight
As shown in Fig. 1 Effects of temperature, pH, and phosphate concentration
The optimal temperature and pHfor inosine phosphorolysis catalyzed by the PNPasewere T.A, total activity; b S.A, specific activity. around 70°C and 8.5, respectively (Fig. 2) . The optimal phosphate concentration for this reaction was around 200mM, although the change in the activity level was only slight in a range of more than 100mMof the phosphate concentration (Fig. 3) .
Substrate specificity and kinetic properties
The results on substrate specificity are summarized in Table II . The enzyme showed the highest activity toward inosine and the activity decreased in the order of 2'-deoxyinosine, xanthosine, 2',3/-dideoxyinosine, ribavirin, guanosine, and 2/-deoxyguanosine. It showed no activity toward adenosine, 5-amino- ribavirin were 1.43 mM, 2.44him, and 2.08him, respectively, at 40°C.
Equilibrium of the phosphorolyzing reaction catalyzed by the PNPase As shown in Fig. 4 , phosphorolysis by the PNPase was reached the equilibrium when 21 % of the inosine or 15% of the ribavirin was phosphorolyzed in the presence of 20niM The reaction mixture, containing 20 /imol nucleoside or nucleotide, 50 /miol potassium phosphate buffer (pH 7.5) and 0.22fig PNPase in a total volume of 1ml, was incubated at 60°C for 1 min. inosine or ribavirin, and 50mM potassium phosphate buffer at 40°C.
Effects of metal ions and inhibitors
The effects of various metal ions and inhibitors on the inosine phosphorolysis by the PNPase were examined. Among them, the sulfhydryl (SH) reagents inactivated the PNPase activity.
/>-Chloromercuribenzoate (PCMB), HgCl2, and AgNO3 strongly inhibited the PNPase, and Af-ethylmaleimide (NEM) also inhibited and CuSO4 slightly inhibited the enzyme. However, iodoacetic acid and iodoacetoamide, which are also SH reagents, showed no inhibition. The other metal ions and inhibitors tested had no effect on the PNPase activity.
Aminoterminal sequence analysis The amino terminal sequence of the PNPase protein was analyzed. Twenty residues from the amino terminal end were identified as follows: MTVNWNETRSFLECKMQAKPE (one-letter symbols of amino acids).
Ribavirin production by the purified PNPase
In our previous paper,27) we reported on ribavirin production using resting cells of B.
acetylicum ATCC 954. In this study, we attempted to produce ribavirin by the purified PNPase of B. acetylicum ATCC954. Figure 5 shows that ribavirin could be formed not only from guanosine but also from inosine, in the presence ofTCA, by the purified PNPase alone.
Moreover, the amount of ribavirin formed from guanosine and TCAwas almost the same as that formed from inosine and TCA after 48hr of incubation.
However, the rate of ribavirin formation from guanosine was faster than that from inosine. As the result of SDS-polyacrylamide electrophoresis, the PNPase purified from B. acetylicum ATCC 954 was found to be a monomer (M=31,000).
There have already been manyreports on PNPase, and most of those showed that PNPase had some subunits. However, the only exception is Lewis's report, in which the PNPase purified from rat liver might be a monomer (39,000 according to SDS-polyacrylamide electrophoresis).
This enzyme is also inactivated by^CMB. Utagawa et al. reported that ribavirin could not be produced directly from inosine and TCA by E. aerogenes AJ 1 1 125 because of the lower affinity ofTCAfor the PNPaseof E. aerogenes AJ 11125 than that of hypoxanthine. On the other hand, we investigated the Kmsvalues of inosine, guanosine, and ribavirin for the PNPase ofB. acetylicum ATCC 954, and found that that of ribavirin {Km, 2.08mM) was the same level as those of inosine (1.43mM) and guanosine (2.44mM). Therefore, it seems that B. acetylicum ATCC954 can produce ribavirin not only from guanosine but also from inosine in the presence of TCA. Figure 5 shows that ribavirin is produced from guanosine faster than from inosine in the presence of TCA. This difference in rate of ribavirin formation might be due to the difficulty in solubilizing guanine in water compared with hypoxanthine.
